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Environmental context:  
 
The marine environment covers 71% of Earth’s surface, and accounts for 
most of the planet’s cloud cover. Water droplets in these clouds all form on 
pre-existing marine aerosol particles. The number, size and composition of 
these particles determine the cloud droplet size and consequently, the cloud’s 
light scattering and precipitation behaviour. Marine aerosols therefore have a 
major influence on the planet’s radiation balance and climate. The origin of 
marine aerosols is still not completely resolved. The newly developed VH-
TDMA technique has been applied to marine aerosols coming from the 
southern ocean. The technique enabled new insights into the composition and 
structure of these aerosols. It has been found that organic mater constitutes 
20-40% of these particles suppressing their hygroscopic growth. 
 
Abstract 
Simultaneous measurement of particle hygroscopic and volatile properties 
was performed using a VH-TDMA on both Aitken and accumulation mode 
particles. In addition deliquescence measurements at different thermodenuder 
temperatures were also performed. The measurements were part of the P2P 
campaign which took place in February 2006 at Cape Grim monitoring station 
in Tasmania, Australia. During baseline conditions, there was often a 
volatilisation step occurring below 125°C in the volatility scans, where up to 
25% of the volume is lost.  Analysis of the changes in growth as this occurred 
indicates that different substances are responsible for this volatilisation on 
different days - ammonium nitrate, sulphuric acid, or a volatile non-
hygroscopic organic.  The major volatilisation in all cases occurred in the 
temperature range ~140-200oC, which is taken to indicate the presence of 
ammonium sulphate or ammonium bisulphate.  A degree of growth 
suppression is generally evident prior to this volatilisation, indicating that a 
non-hygroscopic material with a similar volatility to ammonium 
sulphate/bisulphate may be present which cannot be distinguished in the 
volatility scans.  Organic matter was typically present at around 20-40% for 
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these particles. When Aitken and accumulation mode particles were 
measured on the same day, it was found that the organic content of the 
smaller particles tended to be higher than the larger particles by roughly 20 
percentage points.   
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Introduction 
 
Proposed particle production mechanisms in the marine environment include 
the seawater bubble-burst process [1], ternary nucleation producing a 
reservoir of undetectable particles upon which vapours can condense [2], free 
tropospheric production with mixing down to the boundary layer [3], and the 
generation of coastal iodine particles from macroalgal iodocarbon emissions 
[4].  While iodine-containing particles have been found in large numbers at 
Mace Head research station in Ireland, the iodine particle production 
mechanism is unlikely to play as significant a role at Cape Grim, as 
halocarbon levels are generally measured to be 2-4 times lower than those 
found at Mace Head, while CH2I2, thought to be the most important 
halocarbon to particle production, is found to be below the detection limit [5].  
Wind-produced bubble-burst particles containing salt are ubiquitous in the 
marine environment, and are found at Cape Grim at an average number 
concentration of 10cm-3 [6], but these represent less than 10% of particle 
numbers.  The majority of particles are much smaller than these salt particles, 
and their exact origins remain incompletely explained. 
 
Bigg et al [7] in 1984 showed that the background aerosol number 
concentration in the southern hemisphere is dominated by photochemically 
produced particles rather than bubble-burst particles or long-range transport 
of particles from other areas.  Particle numbers basically track the annual 
sinusoidal variation in total radiation at Cape Grim: in winter and spring the 
particle number and insolation increase in tandem, while there is some time 
lag in summer and autumn (the decline in particles occurring a month or so 
after the decline in radiation) due to replenishment of surface particle numbers 
(with individual lifetimes of the order of ~3 days) from several km aloft.  It is 
postulated that MSA nucleates tiny particles upon which sulphuric acid 
molecules then condense, becoming gradually neutralised by NH3 [7]. 
In recent years H2SO4 is the vapour more commonly assumed to be 
responsible for particle nucleation.  Both H2SO4 and MSA are products of 
oxidation of DMS, a compound released in great quantities in the marine 
environment by phytoplankton in connection with regulation of their osmotic 
pressure [8].  DMS is the dominant source of non-sea-salt-sulphate (nsss) in 
particles at Cape Grim, although it is not the only source:  the ratio of MSA to 
nsss is lower in winter than in summer, even though low temperatures should 
favour MSA rather than H2SO4 production from DMS, indicating an additional 
source of nsss in winter [9].  MSA is a tracer for DMS oxidation, yet significant 
numbers of particles (80cm-3, perhaps 20% of the total – too many to be salt) 
appear to contain no MSA [6], once again indicating a non-DMS source of 
nsss. 
 
The major ionic components of the submicron marine aerosol near Cape Grim 
are sulphates and seasalt [10, 11].  In February 1978 during baseline 
conditions, TEM Morphology showed three categories of particle:  95% of the 
number (yet less than 5% of the volume) are spherical caps less than 600nm 
in diameter and morphologically similar to ammonium sulphate, occasionally 
with rings indicating free sulphuric acid. Cubic sea salt crystals with a non-
crystalline ring comprise 95% of the volume but less than 5% of number; 
these occur down to 60nm, comprising less than 1% of numbers at this 
diameter, and account for all particles greater than 600nm. Finally a third type 
of particle comprising less than 1% of total was insoluble [12].   
Measurements made at Cape Grim in September 1979 showed that the light 
elements H, N, S, and O make up the bulk of the fine aerosol mass, with 
molar ratios O/S = 3.6, and N/S = 1.6 for submicron particles during baseline 
[13]; for sulphate the O/S molar ratio is expected to be 4.0, and the ratio N/S 
would vary between 0 and 2 for sulphuric acid and ammonium sulphate 
respectively, so the measured ratios support a predominantly ammonium 
sulphate composition.  At other times and seasons and for different particle 
sizes the aerosol in the Cape Grim region has been found to be less 
neutralised:    chemical analysis of particles in the 100-200nm range during 
Nov/Dec 1995 showed them to be dominated by sulphate compounds with an 
ammonium to sulphate ratio less than 1 [14], while over the Southern Ocean 
to the south and south-west of Tasmania during this period particles of 
diameter up to 150nm were found to have an average NH4+/nsss molar ratio 
of 0.72±0.23 [10].  The median molar ratio of NH4+/nsss obtained over the 
year 1992 during baseline at Cape Grim for submicrometer particles was 1.08 
[15], indicating an ammonium bisulphate composition is the average.   
Methanesulfonic acid, MSA, (CH3SO3H) is the next major constituent after 
sulphates in the non-seasalt soluble fraction; the seasonally averaged molar 
ratio MSA/nsss varies from a minimum of 0.07 in winter to 0.18 in summer 
[15], while during baseline conditions during Nov/Dec 1995 the MS/nsss molar 
ratio was found to be 0.16 for particle diameters less than 180nm [11].  
While Berg [10] over the ocean to the south and south-west of Tasmania 
(where baseline winds would originate) finds that soluble fraction accounts for 
almost all the mass of the aerosol, measurements at Cape Grim itself often 
indicate the presence of insoluble matter.  Huebert [11] find during baseline at 
Cape Grim that 10-47% of aerosol mass is not accounted for by the common 
inorganic ions, and is probably organic; for particles in the 100-200nm range, 
up to 50% of the mass is unidentified, possibly organic matter [14](ACE1).  
Bigg [16] found insoluble matter at several percent by volume in the particles 
previously assumed to be mainly ammonium sulphate; the insoluble matter 
appeared to be mixed evenly throughout the particle volume, and there were 
insufficient CCN in decane or xylene for the substance to be a simple 
hydrocarbon or aromatic compound (although the decane CCN 
measurements did suggest the presence of a certain amount simple 
hydrocarbons for latitudes down to 50oS). Likewise Gras and Ayers [12] 
calculate that the ammonium sulphate component of the aerosol on average 
contains 11% of non-sulphate impurities by volume.  Studying individual 
particles with D>160nm, Middlebrook et al [17] find that organics always occur 
in conjunction with salt, and the average organic mass is estimated to be of 
the order of 10%.  These organic components may possibly be surfactants of 
biological origin - phospholipids and fatty acids (such as stearic acid 
CH3(CH2)16COOH) are common products of lipid membrane disintegration 
and would be found in the sea surface microlayer [18].  Other organic species 
that have been identified in marine particles include a variety of dicarboxylic 
acids – for example, oxalic and malonic acids predominate over the Pacific 
Ocean [19], while succinic acid predominates in Antarctica [20]. 
 
Average particle number concentrations during baseline in summer are 
around 400cm-3, and are 3-4 times higher than in winter [15, 21], however, the 
form of the averaged size distribution is similar throughout all four seasons 
[15]. The aerosol number is dominated on average by the Aitken (~20-80nm 
diameter) mode [12, 14, 15], with smaller numbers in the accumulation (~80-
200nm) mode; a distinct sea-salt aerosol mode appears at around 500nm 
(Covert 1998, Wiedensohler 1996, Gras 1995)[14, 15, 22].  A sporadic 
nucleation (<20nm) mode is sometimes observed [14, 22, 23].  
 
Hygroscopic data for particles in the Cape Grim area is quite limited, apart 
from several papers published subsequent to the ACE1 campaign in Nov/Dec 
1995. Berg et al [10] report shipboard measurements of growth factors over 
the Southern Ocean south of Australia . They studied 35nm, 50nm and 
150nm diameter particles, and generally found monomodal distributions, 
indicating that a single particle type was present at the sizes studied; the 
growth factors indicated a sulphate-dominated composition.  Sea-salt particles 
were externally mixed with these sulphate particles in 5% of measurements at 
50nm, and 40% of measurements at 150nm; these external mixtures often 
followed periods where winds were in excess of 10ms-1.  Growth factors at RH 
90% (G90 – see below) for the sulphate aerosol were 1.62, 1.66 and 1.78 for 
35nm, 50nm and 150nm dry diameters respectively during clean marine 
conditions; the salt particles had growth 2.12 and 2.14 for 50 and 150nm 
particles (no 35nm salt particles were seen).  The growth factors of the 35 and 
50nm sulphate-dominated particles were slightly lower than expected for pure 
sulphates, consistent with an insoluble volume fraction of around 0.1.  When 
polluted continental air masses were sampled, the sulphate particles’ growth 
decreased significantly, with minimum values 1.25, 1.3 and 1.43 for 35nm, 
50nm and 150nm particles; the sea-salt growths were unaffected. Covert et al 
[14] report similar findings at Cape Grim during the same period: the growth 
factor at 90% (G90) of 50nm particles during baseline averaged around 1.55, 
implying an insoluble volume fraction of 0.1 or less; in anthropogenically 
influenced air-masses the growth of the main H peak fell to 1.35, and often 
there was a second peak with growth ~1.1, implying an insoluble fraction of up 
to 0.8.  The greatest discrepancies between measured and modelled CCN 
occurred during anthropogenic influence, biomass burning, and to a lesser 
extent biological waters trajectories – all sources of organic compounds.  
 
No V-TDMA work is reported for Cape Grim.  Information on the volatility of 
particles in the Cape Grim area is limited to a note by Gras [15] to the effect 
that on some occasions at Cape Grim virtually all CCN are non-volatile at 
300oC, and are thus probably sea-salt  
 
The composition of Aitken mode particles might be expected to be somewhat 
different to that of accumulation mode particles, as the Aitken mode particles 
have not undergone cloud processing.  As the Aitken mode particles are 
closer to the state of the particles when first formed, this composition may 
afford clues as to the mode of production of particles in the marine 
environment.  However, the combined mass of these particles is small 
compared to the total mass loading of aerosol, and even when analysis of 
composition is size fractionated, the Aitken mode is lumped in with the 
accumulation mode, and the larger particles would dominate the chemical 
analysis.  The measurement of the volatility and hygroscopicity of particles is 
a valuable technique which allows the composition of these small particles to 
be studied in isolation.   
 
 
 
 
Figure 1 Schematic diagram of the VH-TDMA 
 
 
Instrumentation 
 
The volatility and hygroscopic tandem differential mobility analysis (VH-
TDMA) system, used to measure the variation in particle diameter upon 
heating and subsequent humidification, is shown in figure 1.  
The aerosol is first given an electric charge in a TSI (number?) Kr85 
neutraliser, then it is dried in a diffusion dryer to a humidity of (?~15%).  It 
enters the first DMA, termed the preclassifier, where an initial size is selected 
from the distribution via a voltage across the DMA.  The preclassifier’s sheath 
recirculates, and the circuit contains another diffusion dryer which dries the 
sheath air to <10%.The monodisperse aerosol flow from the preclassifier then 
passes through a thermodenuder where it is heated to a chosen temperature 
between ambient and 400oC.  Half of the flow from the thermodenuder enters 
a second DMA (the V classifier) which, in conjunction with a CPC 3010, 
measures the size of the aerosol after heating by scanning the voltage. The V 
classifier’s sheath also recirculates and is dried to <10%. 
 The other half of the flow enters the humidification system.  Here the aerosol 
passes through NafionTM tubes which are bathed in a flow of humid sheath air;  
the NafionTM material allows passage of water vapour through its walls until 
equilibrium is reached between the aerosol flow inside the tube and the 
humidified sheath air outside.  In this way the sheath and aerosol flow of the 
third DMA (the H classifier) are brought to the same humidity. A range of 
humidities between 10% and 94% were used during the campaign. 
Adjustment of the humidity is via a computer-controlled switching valve, which 
directs the recirculating sheath flow either through the saturator or a diffusion 
dryer at a rapidly alternating rate, prior to contact with the NafionTM tubing.  
The relative amount of time going through the saturator and the dryer 
determines the final humidity.  A PID feedback loop regulates the valve 
switching rate to achieve a set humidity as measured at the excess of DMA3 
to within +/- 0.2 of a percentage point. A 3L mixing chamber after the 
saturator/dryer section ensured that the humidity was uniform, free of wet and 
dry air pockets.  A second CPC 3010 in conjunction with the H classifier was 
used to measure the size of the aerosol particles once they were brought to 
the desired humidity.   
 
The flow rates in the V and H classifiers were the same, with 8 lpm or 15 lpm 
sheaths (controlled by mass flow controllers) and 1lpm aerosol flows, giving a 
measurement size range of 7-274nm (8 lpm) or 5-184nm (15 lpm).  The 
preclassifier sheath flow was 12 lpm.  Flows were checked daily using a TSI 
flow meter (TSI 4143).  Particle sizing accuracy was checked daily using NIST 
traceable standard 102 nm polystyrene latex (PSL) spheres (Duke Scientific 
Corporation) by bypassing the preclassifier.  Humidity in the humidification 
column was measured with a Michel Instruments dew point hygrometer;  the 
mirror and temperature probe were located at the excess of the H classifier.  
Silica gel in all dryers was replenished daily. 
 
 
The VH-TDMA technique  
 
While the VH-TDMA system measures physical properties, chemical 
properties can be inferred from the measurements, as well as information 
about the mixing state of the aerosol.  When an internally mixed aerosol is 
heated, several volatilisation steps may occur, causing the diameter to shrink 
as a fraction of aerosol becomes volatile or decomposes.  The temperatures 
at which these steps occur give information about the possible chemical 
species present, while the relative decreases in size at each volatilisation 
indicate their relative abundances in the aerosol.  If the aerosol exists as an 
external mixture of substances of differing volatility, then when the more 
volatile fraction of the aerosol population begins to volatilise and contract, two 
different sizes exit the thermodenuder, resulting in a double-peaked 
distribution;  the relative numbers in each peak obviously indicate the 
proportion of each type of particle at the given initial size. The volatilisation 
temperature Tv is taken as the temperature at which volatilisation is complete. 
 
Similarly, an external mixture of particles of different hygroscopicity will result 
in a bi-modal distribution in a hygroscopicity scan, as the different substances 
will absorb different amounts of water vapour.  The hygroscopic growth factor 
(GHHdry) is defined as GHHdry=Dh/Dv, where Dv is the diameter measured in the 
V classifier where the humidity is Hdry (<10%), and Dh is the humidified 
diameter measured in the H classifier at humidity H.  The growth factor and 
deliquescence point (humidity above which a substance will absorb water) of 
the aerosol both yield information about its chemistry.  The precise value of 
Hdry is generally not important as long as it is below the deliquescence point; 
however for substances like H2SO4 which show growth at all humidities, Hdry 
certainly is required. 
 
Two different methods are used to characterise an aerosol population.  A VH-
TDMA characterisation is done by holding the humidity constant (generally 
near 90%) and increasing the temperature in 5-10 degree increments to a 
maximum of around 300oC, the measurements taking a total of several hours 
to perform.  Alternatively with the temperature held constant (generally at 
room temperature) the humidity can be stepped up to obtain a deliquescence 
curve.  This takes several hours longer than a VH-TDMA characterisation, as 
the humidity is slower to change and stabilise. 
 
 
Characteristics of reference aerosols 
 
The main elements expected to be present in the aerosol in the size range to 
be studied are sulphuric acid, ammonium bisulphate, ammonium sulphate, 
methane sulphonic acid (MSA), sea salt, and a variety of unidentified organic 
compounds which may include dicarboxylic acids, fatty acids, and 
phospholipids.  Possibly small amounts of iodine oxides such as HIO3 may 
also be expected. The properties of these substances when in aerosol form 
are shown in table 1. The size of the particles studied in nanometres is 
indicated; deliquescence humidities are for the bulk where no size is given. 
 
Note that volatilisation temperatures tend to decrease with decreasing particle 
size due to the Kelvin effect.  
 
Data on mixtures of the above substances is quite rare. Johnson et al (2004) 
studied the volatility of mixtures of ammonium sulphate components and note 
that MSA volatilisation can be expected anywhere in the range from 125oC to 
170oC depending on the composition of the aerosol.  
 
The hygroscopic behaviour of sulphate mixtures with ammonium to sulphate 
ratios of 1 to 2 were studied by Spann & Richardson [24].  The deliquescence 
points of pure substances are 40% for ammonium bisulphate (with mole ratio 
1), 69% for letovicite ((NH4)3H(SO4)2, mole ratio1.5) and 80% for ammonium 
sulphate (mole ratio 2) [25]. However, the deliquescence point of the mixtures 
was not a smooth curve between the deliquescence points as might be 
expected, but rather it is a step function, with mixtures of bisulphate and 
letovicite (ratio 1-1.5) deliquescing at 39% near the bisulphate value, and 
mixtures of bisulphate and sulphate (ratio1.5-2) deliquescing at 70%, near the 
letovicite value.  For mole ratios 1.5 to 2, the fraction that is letovicite 
dissolves when the humidity reaches 70%, and the ammonium sulphate 
fraction remains solid, only gradually dissolving as the humidity increases 
[24].  So for a mole ratio near 1.5, a particle should deliquesce at 70% and 
achieve a growth of near 1.36. However, as the mole fraction approaches 2, 
the presence of a small amount letovicite in a predominantly ammonium 
sulphate particle should result in suppression of the growth, with a gradual 
increase in the growth from around unity at 70% to 1.47 at 80% (1.36 and 
1.47 are the expected growths at deliquescence for letovicite and ammonium 
sulphate respectively) 
 
 
 Table 1 Characteristics of the reference aerosols. 
Substance G  
(Growth factor 
GRHRHdry =DRH/DRHdry, 
ratio of wet and dry 
particle diameter)  
Tv  
(temperature at which 
volatilisation is complete, 
oC) 
DRH (deliquescence 
relative humidity,%) 
Ref. 
H2SO4 G9015 =1.68 at 
100nm 
G902 = 1.68 
at 150nm 
139oC at 100nm 0% continuous [10, 26] 
(NH4)HSO4 G9015  =1.79 at 
100nm, G902 = 
1.81 at 150nm
202oC at 100nm 40% 
 (however, it is very 
difficult to dry out 
(efflorescence as low as 
0.05%), and shows 
continuous growth on our 
instrument) 
[10, 25, 
26] 
(NH4)3H(SO4)2   69% [25] 
(NH4)2SO4 G9015 =1.70 at 
100nm, G90 = 
1.71 at 
150nm, 
G80 =1.47 at 
100nm [27] 
205oC at 100nm 
(volatilisation 
begins at 178oC) 
180oC at 40nm 
(begins at 
135oC) 
80%; 
79.3% 100nm 
[27] 
[26, 
27], 
This 
work 
 
MSA G9015 =1.57 at 
100nm 
171oC at 100nm 0% continuous [26] 
NH4NO3 G9015  =1.50 at 
100nm 
75oC at 100nm 61.5% [26, 28] 
HIO3 G9015 =1.35 
for 90nm 
365oC at 100nm 
(begins at 
220oC) 
290oC at 27nm 
85-89%  [29] 
Sea salt 
 
(~80% NaCl plus 
Mg++ and SO4-- and 
Ca++ and K+) 
G90=2.2 for 
50nm (Berg 
1998) 
G89=2.01, 
G80=1.74 
G60=1.5 for 
 ~60% This 
work, 
[10] 
60nm (this 
work) 
Oxalic acid G80=1.17 
G90=1.43  for 
100nm 
 >94% [30], <80% 
[27] 
[27, 30] 
Succinic G80=1.01, 
G90=1.01 for 
100nm   
  [27] 
Malonic acid G80=1.37, 
G90=1.73 for 
100nm   
 
 Continuous [30] [27, 30] 
 
Secondary 
organic 
aerosol 
Average G85 
=1.06-1.1 
75-150ºC Continuous [31], 
[32] 
 
 
 
Prenni [27] studied the growth and deliquescence of mixtures of ammonium 
sulphate and various dicarboxylic acids.  They found that for the less soluble 
acids (succinic, glutaric and adipic acids), the deliquescence point of 
ammonium sulphate was slightly decreased, and that the amount of decrease 
depended very little on the volume fraction of organic present.  The growth 
factors were affected however.  For example, ammonium sulphate with 
succinic acid at 1% by volume deliquesced at 77.7% and had G90 =1.69 for 
100nm particles (the same growth as measured for pure ammonium sulphate, 
which deliquesced at 79.3%), while at 45% by volume the particles 
deliquesced at 76.3% and had G90 =1.47.  For the more soluble acids, the 
situation was similar except that high volume fractions, the effect on 
deliquescence was more pronounced.  For example for oxalic acid, at 10% by 
volume the growth was G90 =1.67 and DRH 77%, while at 38% by volume the 
growth was 1.59 and the particles showed continuous growth.  They found 
that the growth factors measured could be well reproduced with the simple 
relationship assuming the organic and inorganic components do not interact:  
 
G = (CorgGorg3+CinorgGinorg3)1/3,  C=volume fraction.               (1) 
 
For succinic acid, with G90=1, this is like assuming it is undissolved, and is a 
hygroscopically inactive volume fraction [27].   
 
Modelling of the growth factors of ammonium bisulphate, ammonium 
sulphate, letovicite, sulphuric acid and MSA was performed with data from 
Tang and Munkelwitz [25] , Covington et al [33], and Teng and Lenzi [34].  
With the dry humidity at 10%, the growth values for all of these compounds 
are remarkably similar, with the exception that letovicite growths are slightly 
elevated.  (For instance with 100nm particles the modelled growths are: 
ammonium sulphate G9010 = 1.71, bisulphate G9010 = 1.72, letovicite G9010 
=1.77, sulphuric acid G9010 = 1.69, MSA G9010 =1.68). Most of the growth 
factors measured for ambient particles at Cape Grim were found to be rather 
lower than for these sulphates, most probably because they contain some 
organic matter.  In order to quantify this difference, ammonium bisulphate 
growth factors  were used in order to calculate hygroscopically inactive 
volumes according to the above equation , ie Corg=(Ginorg3-G3)/(Ginorg3-13), with 
a growth of 1 assumed for the inactive volume.  Values are mentioned in the 
text below, referred to as the organic fraction or hygroscopically inactive 
volume.  Ammonium bisulphate was selected as a reference sulphate, since 
the mole ratio of ammonium to sulphate at Cape Grim averages ~ 1.  See the 
appendix for the ammonium bisulphate growth equation.  Chan and Chan [35] 
have suggested that that the residence time in the humidifier of a typical H-
TDMA may not be long enough to allow particles with organic coatings to 
grow to their equilibrium size.  The residence time in the NafionTM tubes of the 
VH-TDMA humidifier is less than 1s, so this may be a valid concern.  If the 
particles had not finished growing then the calculated hygroscopically inactive 
fractions would be too high, and thus the inactive fractions given should be 
considered as maximum values 
 
Ammonium sulphate growths were measured whilst at Cape Grim, and it was 
found that the growth factors were lower than the modelled values.  This was 
due to the location of the temperature probe, which measured a temperature 
0.2 oC lower than in the column.  The humidities mentioned in the text have 
been corrected for this discrepancy (see appendix).  Sea salt particles were 
also studied.  Seawater was collected from the surf zone, and bubble-burst 
particles were generated using an aquarium aerator. 
 
 
Results  
 
Baseline Aitken mode particle characterisation   
 
Baseline Aitken mode VH-TDMA spectra were gathered on several occasions 
(see fig2 for an example), with initial diameters chosen to coincide with the 
approximate mode of the peak, to maximise particle numbers.  On the first 
occasion (4th Feb7:20pm-11:30pm), the initial size was 45nm, and the relative 
humidity was held at 88.9%.  The growth factors at room temperature 
averaged 1.42, indicating an organic fraction of 40%; between room 
temperature and 50oC, 10% of the volume volatilised, and the growth 
increased to an average of 1.5, corresponding to a remaining organic fraction 
of around 30%.  There was no volatilisation step near 100oC, indicating a lack 
of sulphuric acid, with the main volatilisation occurring between 150oC and 
190oC, as might be expected for ammonium sulphate or bisulphate.  When 
the humidity was being increased in preparation for this experiment, it was 
noted that the particles deliquesced somewhere between 52 and 72%; 
indicating that the composition of the sulphate component was a mixture of 
ammonium bisulphate and sulphate.  So the particles appear to be composed 
of 60% of ammonium sulphate and bisulphate, 10% of a quite volatile non-
hygroscopic organic, and 30% of a non-hygroscopic substance with a similar 
volatility to ammonium sulphate.  This last substance could be a dicarboxylic 
acid such as succinic acid or something similar. 
 
On the second occasion (10th February, 3:50pm) a VH-TDMA spectrum of 
40nm particles at 89% humidity was performed.  The hygroscopically inactive 
volume averaged 35%, while the main volatilisation occurred over a rather 
large range 135-210oC, which is probably indicative of a mixture of various 
components in addition to ammonium sulphate or bisulphate. 
 
On another occasion a VH-TDMA spectrum was done at RH 89.8% of 28.5nm 
particles (14th February 11:15am-12:35pm, see figure 2).  The main 
volatilisation step occurs between 130-180oC, which again probably 
represents sulphates.  A smaller step occurs before this, with around 15% of 
the volume removed between 70oC and 110oC.  The average growth rises 
from 1.53 (25% hygroscopically inactive), to 1.57 (15% inactive) as this 
volatilisation occurs. The reduction in inactive volume is slightly less than 
would be expected assuming the volatilised component has a growth factor of 
1, suggesting that the component is slightly hygroscopic.  According to 
equation (1), a growth of 1.2 would be ascribed to this component (assuming 
the remaining non-sulphates are truly inactive). However, volume calculations 
are only approximate and thus this growth is highly speculative. 
Subsequent to the VH-TDMA spectrum, the deliquescence behaviour of the 
Aitken mode particles was ascertained at both room temperature, and at 
120oC.  This was done between12:25pm and 8:21pm; the hygroscopically 
inactive volumes decreased to essentially zero during most of this time.  At 
room temperature (see Fig 3.) there was no defined deliquescence point, and 
growth factors were similar to ammonium bisulphate; this suggests that the 
particles may be largely composed of ammonium bisulphate, MSA or 
sulphuric acid, as all of these show continuous growth; given the VH-TDMA 
results, ammonium bisulphate is the most likely.  At 120oC (see Fig 4.), the 
particles were around 20% smaller in volume and deliquesced between 70 
and 72%; two H peaks were present in this humidity range (labelled G1 and 
G2 in figure4), one undeliquesced and one deliquesced with a growth factor of 
1.38.  At humidities higher than this, all the particles were deliquesced and the 
growth factors were again the same as for ammonium bisulphate. This 
behaviour at 120oC suggests that these particles were composed of a mixture 
bisulphate and sulphate with an ammonium/sulphate mole ratio in the range 
1.5-2; the ratio is probably close to the letovicite value of 1.5, as the presence 
of undissolved ammonium sulphate fraction would cause lower growth near 
the deliquescence point.  It seems from the high room temperature growth 
factors that it must be the loss of sulphuric acid or MSA from the particles that 
causes the change in behaviour between room temperature and 120oC.  As 
this is inconsistent with the VH-TDMA results which suggest that a less 
hygroscopic material is lost at this temperature, we must assume that the 
source air mass changed somewhat between the VH-TDMA and 
deliquescence results. The back trajectories remain virtually identical 
throughout both the VH-TDMA and deliquescence measurements, except for 
the slightest shift southward over the course of the day, but still there may 
exist temporal differences in the trajectories such as the encounter of rain. 
Baseline Aitken mode VH-TDMA spectrum:
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Figure2 VH-TDMA spectra of baseline Aitken mode particles taken on the 14/2/06. Squares 
and diamonds represent the diameters after volatilisation Dv and after humidification Dh, 
respectively and triangles represent the hygroscopic growth factors G=Dh/Dv versus 
thermodenuder temperature. 
 
 
G vs RH at room temperature for Dv 28-29nm, 14/2/06 
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Figure 3 Deliquescence measurements of Aitken mode 30nm particles (Triangles) at room 
temperature conducted on the 14/02/06 after the VH-TDMA measurements presented on 
Figure 2. The full line presents the model values for Ammonium-bisulphate.  
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Figure 4 Deliquescence measurements of Aitken mode 30nm particles (Gmeasured  -diamonds) 
at thermodenuder temperature of 120ºC conducted on the 14/02/06 after the VH-TDMA 
measurements presented on Figure 2. Triangles and squares present the deliquesced and 
undeliquesced particles in the range of humidities from 70-72%. The full line presents the 
model values for Ammonium-bisulphate.  
 
 
A final Aitken mode characterisation was done on the 18th February, at 90.7%, 
with an initial diameter of 62nm.  On this day, winds were coming from the 
baseline sector, but particle counts were intermittently elevated;  back 
trajectories indicate that the air mass had passed close to the mainland 
several days previously.  The growth at room temperature averaged 1.55, 
corresponding to a hygroscopically inactive volume of 35%. By 90oC roughly 
20% of the volume had volatilised, while the main volatilisation step occurred 
between 150-210oC.   
 
Deliquescence at various sizes 
 
The deliquescence behaviour of particles from 40nm to 140nm was also 
studied on the 18th of February.  It was found that all particles showed 
continuous growth with increasing humidity, and had growth factors less than 
for pure sulphates;  the inactive volumes were averaged around 30% for the 
smaller particles (<70nm) and around 20% for the larger ones (>100nm). 
 
This deliquescence behaviour contrasts with that found on the 11th, a baseline 
day with purely marine back trajectories which was devoted to the study of 
deliquescence of particles of various sizes from 15nm to 130nm.  It was found 
that particles less than 30nm deliquesced at around 78.5% (Fig 5.), while 
particles larger than 40nm showed continuous growth with increasing RH (see 
Fig 6.).  The hygroscopically inactive volume decreased with increasing 
particle size, averaging around 20% for particles under 30nm and 15% for 60-
65nm particles, decreasing to essentially 0% for particles above 100nm.  The 
behaviour of the smaller particles is very similar to that found by Prenni [27] 
for mixtures of ammonium sulphate and non-hygroscopic dicarboxylics such 
as succinic, adipic and glutaric acids.  The larger particles’ behaviour is 
consistent with a composition of ammonium bisulphate, sulphuric acid or 
MSA, or a combination of the three.  In any case, the smaller particles appear 
to be in a more neutralised state, possibly due to their higher surface-to-
volume ratio, allowing them to scavenge any atmospheric ammonia more 
effectively.  In several scans, mostly at smaller diameters, there was evidence 
of a small number of externally mixed non-hygroscopic particles. 
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Figure 5 Deliquescence curves for 20-30nm particles (diamonds) at room temperature. 
Measurements conducted on the 11/2/06. The full line presents the model values for 
Ammonium-bisulphate.  
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Figure 6 Deliquescence curves for 126-131 nm particles (diamonds) at room temperature. 
Measurements conducted on the 11/2/06. The full line presents the model values for 
Ammonium-bisulphate. 
 
Baseline accumulation mode particle characterisation   
 
Accumulation mode particles were studied on two different days (see figs 7-
8).  On both occasions, there were several particle types present. 
 
On the 5th February a VH-TDMA spectrum was done of 125nm particles at RH 
88.9% between 12pm-4:30pm (fig 7).  The hygroscopicity scans contained up 
to three peaks, indicating an external mixture of several different kinds of 
particle.  For the main peak containing most of the particles, the growth 
factors are very low compared to sulphates, implying an insoluble volume 
fraction of nearly 50% at room temperature.  There appears to be a small 
volatilisation step between 60oC and 90oC where around 5% of the volume is 
lost, although this is open to interpretation.  The growth appears to drop 
slightly, while the inactive volume rises marginally, indicating that the 
volatilised substance is hygroscopic;  the changes are consistent with an 
identity of ammonium nitrate for the volatilised substance. There is a second 
volatilisation step at 125oC where around 15% of the volume is lost.  The step 
is accompanied by a minor increase in the growth from an average of 1.43 to 
1.47, and a decrease in the calculated inactive volume down to around 40%.  
Thus the substance which is lost cannot be sulphuric acid, as the loss of such 
a hygroscopic substance would result in a substantial decrease in the growth 
given the amount of non-hygroscopic material present, and an increase in the 
organic fraction.  This volatilisation appears to represent the loss of a 
substance of very limited hygroscopicity.  The major volatilisation step occurs 
between 160oC and 200oC, as expected for ammonium bisulphate or 
sulphate;  the remaining non-hygroscopic substance causing the suppression 
of growth must have a similar volatility to these sulphates for it to be masked. 
In most of the hygroscopicity scans, a second peak was evident, with a 
growth factor which appears to be close to unity.  These externally mixed non-
hygroscopic particles represented on average 11% of the total particle 
number.  While these particles could not be distinguished from the main peak 
in the volatility scans, judging from the hygroscopicity scans (see Dh2 in fig7), 
the particles have a similar volatility to ammonium sulphate, being possibly 
slightly less volatile (having a somewhat higher Tv).  The particles have the 
same characteristics as those required for the unidentified fraction of the 
particles in the main peak, suggesting a common source. 
Four day back trajectories indicate that the air masses studied were of purely 
marine origin during the VH-TDMA measurements.  Hygroscopicity scans 
done at various sizes at room temperature after this reveal that the non-
hygroscopic particles were present in the greatest numbers at small diameters 
(<30nm), and hygroscopically inactive volumes were also generally larger 
than at larger diameters.  However by this time back trajectories indicate that 
the air masses may have looped over waters near King Island at this time, 
which may have affected the particle population. 
 
Accumulation mode baseline VH-TDMA 
characterisation RH=88.9% 5/2/06
0
20
40
60
80
100
120
140
160
180
200
0 50 100 150 200 250 300
T (oC)
D
ia
m
et
er
 (n
m
)  
 .
0.40
0.60
0.80
1.00
1.20
1.40
1.60
1.80
G
ro
w
th
 fa
ct
or
   
.
Dv
Dh1
Dh2
G1
 
Figure 7 VH-TDMA spectra of baseline accumulation mode particles taken on the 5/2/06. 
Diamonds represent the diameters after volatilisation (Dv) and triangles the hygroscopic 
growth factors (G1). Blue (Dh1) and yellow (Dh2) squares represent the diameters after 
humidification of the 2 additional observed peaks, the hygroscopic and non hygroscopic 
respectively.  
 
Baseline accumulation mode particles were also studied on the 13th February:  
a VH-TDMA spectrum was gathered between 3:00pm and 5:15pm, during 
which time baseline conditions prevailed. The initial particle size was 100nm, 
and the relative humidity was 88.8% (see fig 8.). There were two types of 
particle present, the majority having growth factors characteristic of sulphates, 
and a smaller number with higher growth factors.  The average growth factor 
for the sulphate particles at temperatures under 100oC was 1.62, quite close 
to the value of 1.67 expected for ammonium bisulphate, indicating a non-
hygroscopic fraction of only 10%. About 25% of the volume volatilises off by 
120oC, with no significant change in the growth or the inactive volume. This 
suggests that the removed substance is hygroscopic, so given the 
volatilisation temperature it is probably sulphuric acid. The main volatilisation 
occurs between 150oC and 190oC, confirming the presence of ammonium 
sulphate or bisulphate. 
 
A second type of particle was present in almost all the scans, representing 
about 15% of particle numbers on average. These particles are most likely 
sea-salt, as their growth factor averaged 1.99, and they were non-volatile. The 
view that they are salt is further corroborated by the fact that this was one of 
the more windy days of the campaign, with wind speeds of 11-12ms-1 
prevailing during the measurement period. 
 Accumulation mode baseline VH-TDMA 
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Figure 8 VH-TDMA spectra of baseline accumulation mode particles taken on the 13/2/06. 
Diamonds and squares represent the diameters after volatilisation (Dv) and after 
humidification (Dh), respectively; the triangles and crosses represent the hygroscopic growth 
factors (G) of the main peak and Gsalt of the more hygroscopic substance, respectively.  
 
 
Non-baseline particle characterisation 
 
From 6 to 7:40pm on the 16th of February a VH-TDMA spectrum of 61nm 
particles (2kV) at RH 88-89% was taken.  During this time a bushfire was 
burning nearby, bringing large numbers of particles to the station with very 
different characteristics to the marine particles.  Between 60oC and 80oC 
about a third of the particle volume volatilises off (see Fig 9).  This is 
accompanied by a rise in the hygroscopic growth from around 1.24 to 1.45, 
with the increase being consistent with the removal of a completely non-
hygroscopic substance.  A further 60% of the volume volatilises between 
150oC and 190oC (like ammonium sulphate); this is accompanied by a fall in 
G to near unity by the time the particles reach 23nm.  The changes in growth 
with temperature can be reproduced fairly well using equation (1) assuming a 
non-hygroscopic 23nm core, a hygroscopic layer to 50nm which absorbs 
water corresponding to a growth of 1.5, and a hydrophobic layer out to 61nm 
which absorbs no water (see Gmodel in Fig 9.).  Note that the particle may be 
homogenously mixed rather than physically layered, but the growth 
calculation will come out the same. 
 
Dv appears to split into two peaks briefly in the temperature range 220-250oC 
(see Dv2), indicating possibly two types of particle core.  While the bushfire 
obviously has generated large numbers of new particles, the bushfire gases 
would also have condensed upon the small existing marine particles, creating 
these two slightly different types of particle. 
 
The deliquescence behaviour of the particles was also studied.  It was found 
that the particles showed no growth up to 60% humidity, then they gradually 
absorbed water, reaching a low growth of 1.25 by 86%.  The presence of 
ammonium bisulphate might be expected to cause a small amount of 
hygroscopic growth at the lower humidities, so any sulphate present in the 
particles is most likely to be neutralised as ammonium sulphate. 
Non-baseline VH-TDMA spectrum:
Dh, Dv and G vs Temperature,  RH=87.4%, 16/2/2/06
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Figure 9 VH-TDMA spectra of non-baseline particles taken on the 16/2/06 during a bushfire 
event. Diamonds and squares represent the diameters after volatilisation (Dv) and after 
humidification (Dh), respectively; the triangles the hygroscopic growth factors (G) and the dots 
(Gmodel) the modelled growth factors. The second peak observed in the volatility spectra is 
shown with crosses (Dv2). 
 
 
Evidence of the presence of Salt  
 
Evidence for salt particles was seen on various days in addition to the salt 
measurements mentioned above.  Overnight measurements of 117nm 
particles on the 4th at an average humidity of 87.4% revealed salt particles 
with a growth G=1.79.  The expected value from the seawater bubble-burst 
particle measurements is higher than this at 1.9; the calculated 
hygroscopically inactive volume for accompanying sulphate-containing 
particles was 0.58, suggesting that the same non-hygroscopic material may 
be suppressing the growth in both types of particle, possibly due to 
condensation of a gaseous component from the atmosphere.  Overnight 
measurements on 13th reveal salt particles with a growth of G=1.85 at 85.3%, 
while the growth was 1.99 at 88.8% for these 100nm particles.  These growth 
factors are the same as those found for the seawater bubble-burst particles 
studied, while the inactive volume for accompanying sulphate-containing 
particles was low at 10-15%.  This may indicate fresher particles, or an air 
mass containing fewer condensable organic species. 
 
When all the measurements containing evidence for salt and all the 
measurements at large size are taken together, it is seen that the vast 
majority of salt appearances occur when the average hourly wind speed is 
above 8ms-1, and the particle size is at least 80nm. 
 
 
Discussion 
 
The growths of the Aitken mode particles, taking into account the differences 
in humidities, are somewhat lower than Covert et al [14] found on average for 
baseline conditions during ACE1 in November and December, possibly 
implying the presence of more organic matter in February.  Hygroscopically 
inactive matter was typically present at around 20-40% for these particles, 
compared to 10% found by Covert et al using the same methods.  When 
Aitken and accumulation mode particles were measured on the same day, it 
was found that the hygroscopically inactive content of the smaller particles 
tended to be higher than the larger particles by roughly 20 percentage points.  
This may reflect the fact that the accumulation mode particles have 
undergone cloud processing, which may result in a higher sulphate content 
due to heterogenous conversion of SO2 in cloud droplets.  The calculated 
hygroscopically inactive content of the accumulation mode particles tended to 
be more variable than for the Aitken mode, with average values on different 
days spanning the range 0-60%. 
 
On the days with the lower hygroscopically inactive contents (11th, 13th,14th), 
the back trajectories were quite similar:  Antarctic air travelled North towards 
Western Australia, then turned East to approach Cape Grim as a westerly to 
west-south-westerly wind.  The days with higher hygroscopically inactive 
contents (4th, 5th,10th, 16th, 18th) had more variable trajectories, but tended to 
approach the station from a more southerly direction.  The exceptions were 
the 16th, during the bushfire, and the 18th, where the lower growth factors are 
probably due to the fact that the back trajectories had passed close to the 
mainland. 
    
 
Conclusions 
 
Several (7) VH-TDMA characterisations were performed, in both the Aitken 
(4) and accumulation mode (2), and one during a during a bush fire at an 
intermediate diameter.  As there was often almost no accumulation mode, 
more work was done on the Aitken mode.  Initial diameters ranged from 28 to 
125nm. 
 
During baseline conditions, there was often a volatilisation step occurring 
below 125oC in the volatility scans, where up to 25% of the volume is lost.  
Analysis of the changes in growth as this occurred indicates that different 
substances are responsible for this volatilisation on different days - 
ammonium nitrate, sulphuric acid, or a volatile non-hygroscopic organic.  The 
major volatilisation in all cases occurred in the temperature range ~140-
200oC, which is taken to indicate the presence of ammonium sulphate or 
ammonium bisulphate.  A degree of growth suppression is generally evident 
prior to this volatilisation, indicating that a non-hygroscopic material with a 
similar volatility to ammonium sulphate/bisulphate may be present which 
cannot be distinguished in the volatility scans.  This could be a dicarboxylic 
acid such as succinic acid, or something with similar properties. 
 
Computational Methods 
 
Ammonium bisulphate growth factors 
 
The growth values were calculated from ammonium bisulphate solution data 
from Tang [25].  However, this gives the growth and humidity when the mole 
fraction is one of the inputs, which is not known in advance.  The following 
parameterisation gives the growth with D and H input and is hence much 
more convenient.  It gives the same value as the true growth model to within 
0.01 for D 10-130nm in the RH range 1-97%.   
 
The growth factor for arbitrarily large particles as a function of humidity can be 
represented by: 
 
G(Hinf)=0.238277+0.00029949*Hinf+4.16594/(100-Hinf)^0.31-1.42661/(107-
Hinf)^0.4 
 
For smaller particles, the same growth is obtained at a slightly higher 
humidity, given by: 
 
H=Hinf+dH(D) 
 
Where: 
dH(D)= [(0.011185+0.4416/D-9.725/D^2) + (-0.001552-1.12146/D)*H + 
(0.0024+ 9.5003/D- 136.01/D^2+ 814.9/D^3-1575.1/D^4)*exp((H-80)/10)] 
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Appendix 
 
The following equation was adapted from the equation for the variation of 
saturation water vapour pressures with temperature given in Wagner [36].  It 
gives the variation in relative humidity with an incremental change in 
temperature 
 
dRH/RH = -dT*((-647.096/T^2)*(-7.85951783*(1-T/647.096) + 1.84408259*(1-
T/647.096)^1.5  -11.7866497*(1-T/647.096)^3 + 22.6807411*(1-
T/647.096)^3.5 - 15.9618719*(1-T/647.096)^4 + 1.80122502*(1-
T/647.096)^7.5)+(1/T)*(7.85951783 - 1.5*1.84408259*(1-T/647.096)^0.5 - 3*(-
11.7866497)*(1-T/647.096)^2 - 3.5*22.6807411*(1-T/647.096)^2.5 - 4*(-
15.9618719)*(1-T/647.096)^3 -7.5*1.80122502*(1-T/647)^6.5)) 
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